INTRODUCTION
Data-based reconstructions for the middle Miocene climatic optimum (ca. 17-15 Ma) depict a warmer and more humid climate than present (Zachos et al., 2001) . In Europe, middle Miocene climatic optimum vegetation is well documented and was dominated by subtropical and warm temperate taxa typical of warmer and more humid conditions with weaker seasonal contrast than present . Using pollen data and megafl oras, Ivanov et al. (2010) reconstructed a paleovegetation dominated by mixed subtropical and warm temperate forests in Eastern Europe. In Western Europe, the vegetation was characterized by the abundance of riparian and subtropical forests (Böhme et al., 2007) .
The middle Miocene climatic optimum was also contemporaneous with faunal exchanges between the African and Eurasian continents, in particular, the dispersion of apes from Africa to Europe (Hartwig, 2002) . The oldest fossil apes were recovered from late Oligocene and early Miocene of Afro-Arabia, and the hominoid record is restricted to this region until ca. 16.5-17 Ma (Hartwig, 2002; Böhme et al., 2011a) . During the middle to late Miocene (17-9 Ma), apes became a diversifi ed group in Europe (Hartwig, 2002; Casanovas-Vilar et al., 2011) . As they can only live in (sub-)tropical forests (Hartwig, 2002) , their dispersion from Afro-Arabia to Europe and their radiation are closely linked to the vegetation changes in this region during the middle Miocene. Therefore, an understanding of the mechanisms driving climate and vegetation changes during this period is crucial to better understand and constrain evolutionary scenarios for hominoids.
Earlier model studies conducted on the middle Miocene climatic optimum climate focused on the effect of varying CO 2 concentrations Tong et al., 2009; Henrot et al., 2010; Krapp and Jungclaus, 2011) or the impact of paleogeography on middle Miocene global climate (Herold et al., 2009; Henrot et al., 2010; Krapp and Jungclaus, 2011) . Henrot et al. (2010) and Krapp and Jungclaus (2011) also simulated the vegetation for the middle Miocene climatic optimum, but as yet, no modeling study has explained the expansion of subtropical taxa in Europe. Here, we use a coupled oceanatmosphere general circulation model (GCM) and offl ine dynamic vegetation model to determine the climate mechanisms that allowed the development of a subtropical forest in Europe.
MODELS AND EXPERIMENTAL DESIGN
The Fast Ocean Atmosphere Model (FOAM), version 1.5, is a fully coupled ocean-atmosphere GCM. The atmosphere component is a parallelized version of Community Climate Model 2 (CCM2) developed at the National Center for Atmospheric Research (United States), with CCM3 additions and improvements (Tobis et al., 1997) . The atmosphere runs at R15 resolution (4.5° × 7.5°) with 18 vertical levels. The ocean component is a parallel ocean model dynamically similar to the Geophysical Fluid Dynamics Laboratory's (Princeton, New Jersey, USA) Modular Ocean Model (Tobis et al., 1997) . Physical and dynamical processes of the ocean are resolved on 24 vertical levels and on a 128 × 128 (1.4° × 2.8°) Mercator grid. The atmosphere and ocean models are linked by a coupler, which calculates and interpolates the fl uxes between the two components (Tobis et al., 1997) . FOAM successfully simulates present-day climate and compares well with other climate models (Jacob, 1997) . It has also been used to simulate past climates, especially for the Cretaceous (Donnadieu et al., 2006) and Neoproterozoic (Poulsen et al., 2001) .
Our middle Miocene climatic simulations were forced with the paleogeography derived from Herold et al. (2008) and a vegetation map based on the work of Wolfe (1985) , which was used by You et al. (2009 ), Tong et al. (2009 ), and Herold et al. (2009 . We used CH 4 and N 2 O concentrations equal to their present-day values for the fi ve middle Miocene climatic optimum experiments, and the solar constant and orbital confi guration were kept at their modern values. The atmospheric CO 2 concentration during the middle Miocene climatic optimum is highly debated, reconstructions varying from 180 ppmv to 700 ppmv (Pagani et al., 1999; Pearson and Palmer, 2000; Royer et al., 2001; Kürschner et al., 2008; Tripati et al., 2009 ). We performed three middle Miocene climatic optimum experiments with varying pCO 2 ( Table 1 ). The ice volume in Antarctica is also not well constrained for the middle Miocene, with estimates varying from 25% to 70% of the present-day East Antarctic Ice Sheet (Pekar and DeConto, 2006) . To test the sensitivity of European climate and vegetation to Antarctica ice surface, we modifi ed the albedo over Antarctica in the fourth experiment (Table 1 ). All experiments were integrated for 1500 yr without fl ux correction, and we used the average of the last 30 yr of each simulation for our analyses.
Growth of subtropical forests in Miocene Europe: The roles of carbon dioxide and Antarctic ice volume The vegetation was simulated using the dynamic vegetation model CARAIB, which calculates carbon fl uxes between the atmosphere and the terrestrial biosphere. It calculates the evolution of carbon pools and deduces the relative abundances of plant functional types (PFTs; François et al., 2006) . Here, we use a classifi cation with 15 plant functional types described in François et al. (2011) . The climatological variables used to force CARAIB are monthly values of air temperature, precipitation, wind speed, cloudiness, relative humidity, and daily temperature difference derived from the FOAM simulations through the anomaly method described in Otto et al. (2002) .
RESULTS
Using the four middle Miocene climatic optimum experiments, we studied the changes in vegetation induced by different boundary conditions and focused on the expansion of subtropical forest in Europe. The net primary productivity of subtropical trees in Europe for each Miocene experiment, and the contribution of subtropical trees to local net primary productivity are displayed in Figure 1 . Subtropical trees are simulated in Western and Central Europe only when the CO 2 level reaches 560 ppmv or more (experiments 15Ma560A and 15Ma700A). CO 2 can infl uence vegetation growth in two ways: indirectly via climatic changes and directly via the CO 2 fertilization effect (Baker and Allen, 1994) . To test the impact of fertilization, we performed an additional CARAIB simulation with the climatic variables derived from experiment 15Ma560A, but with CO 2 concentration set at 280 ppmv in CARAIB (shaded area in Fig. 1 ). Our results indicate that fertilization accounts for ~25% of the increase in net primary productivity of subtropical trees between experiments 15Ma280A and 15Ma560A, suggesting that the development of a subtropical forest in Europe is mainly driven by the climatic changes induced by pCO 2 doubling.
The mean annual temperature in Europe is 8 °C higher in average for the 15Ma560A experiment than for 15Ma280A, and this warming trend increases with latitude ( Fig. 2A) . Mean annual precipitation also increases, especially in Western and Central Europe (more than 400 mm; Fig. 3A ). Warmer and more humid conditions, with weaker seasonal contrast, allow the development of subtropical plant functional types in Europe (Fig. 1) . Surprisingly, when the CO 2 concentration reaches 700 ppmv (experiment 15Ma700A), temperature and precipitation decrease in Western Europe (Figs. 2B and  3B ), leading to a reduction in the net primary productivity of subtropical trees (more than 30%; Fig. 1) .
Concerning Antarctic albedo impact on Europe, in experiment 15Ma560, the net primary productivity of subtropical trees strongly increases compared to experiment 15Ma560A (more than 90%; Fig. 1 ), whereas no significant change in mean annual precipitation is simulated (Fig. 3C) . Here, the development of subtropical plant functional types is associated to a warming trend that is more pronounced during winter (+1.1 °C in December, January, and February) than during summer (+0.8 °C in June, July, and August). FOAM also simulates a strong sea-surface temperature increase over the North Atlantic (locally more than 5 °C) in 15Ma560 compared to 15Ma560A (Fig. 2C) , which is more pronounced during winter (more than 15 °C). This warming trend is linked to enhanced deep-ocean circulation during boreal winter (Figs. DR1A and DR1C in the GSA Data Repository 1 ), which produces latent heat and warms the adjacent continent.
DISCUSSION
In our 15Ma280A experiment, there are no subtropical plant functional types simulated in Europe (Fig. 1) . Doubling pCO 2 (experiment 15Ma560A) induces warmer and wetter conditions in Europe, with an increased precipitation gradient between 30°N and 50°N ( Figs. 2A  and 3A) , which is congruent with data (Böhme et al., 2011b) . This climatic change allows the development of subtropical trees (Fig. 1) , which is also more consistent with paleobotanic data. Conversely, when an atmospheric CO 2 concentration of 700 ppmv is prescribed (experiment 15Ma700A), deep-ocean circulation is strongly slowed (Fig. DR1B) , and the heat transport toward the North Atlantic is therefore reduced. This can be explained by the peculiar Miocene North Atlantic bathymetry. The Miocene Greenland-Scotland Ridge was deeper than today (Herold et al., 2008) , which provoked a northward shift of the North Atlantic Deep Water (NADW) production area (Krapp and Jungclaus, 2011; Robinson et al., 2011) . In this confi guration, sea-ice melting due to increased pCO 2 strongly reduces the NADW production during winter, inducing a slowdown of the deepocean circulation in our simulations (Figs. DR1A and DR1B) . This reduces the heat transport in 1 GSA Data Repository item 2012162, additional fi gures showing the 2500 current speed for experiments 15Ma560A, 15Ma700A, and 15Ma560; and climatic fi elds over Europe for experiment 15Ma560, is available online at www.geosociety.org/pubs/ft2012.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. the North Atlantic, induces a localized cooling extending into Western Europe (Fig. 2B) , and limits the development of subtropical plant functional types (Figs. 1, 2B , and 3B). Earlier studies Tong et al., 2009; Henrot et al., 2010) concluded that higher than present pCO 2 values are necessary to simulate middle Miocene climatic optimum warming consistent with data. However, models without oceanic dynamics were used, so this mechanism could not be detected. On the other hand, Krapp and Jungclaus (2011) , using a fully coupled atmosphere-oceanbiosphere model, showed that higher than present pCO 2 (480 ppmv) is more congruent with proxy data, although an increase to 720 ppmv induces a cooling trend in the North Atlantic and Europe. Therefore, our series of simulations contribute to reduce the uncertainties in pCO 2 reconstructions. Models results depict a value higher than present and lower than 700 ppmv, in agreement with the reconstructions of Royer et al. (2001 ), Kürschner et al. (2008 , and Tripati et al. (2009) , who estimated middle Miocene climatic optimum pCO 2 between 300 and 650 ppmv.
Another important issue is that our results indicate a strong infl uence of Antarctic albedo on European climate and vegetation (Figs. 1, 2C , and 3C). In experiment 15Ma560, Antarctica is covered by tundra instead of the ice in experiment 15Ma560A, which induces a strong warming on this continent (due to the lower albedo). This warming leads to changes in global oceanic circulation: The Circum-Antarctic Current at 2500 m depth is slowed, and NADW production, as well as meridional heat transport, is enhanced (Figs. DR1A and DR1C ), leading to warmer conditions, especially during winter, over the North Atlantic and Western Europe (Fig. 2C) . Ultimately, this warming induces an expansion of subtropical trees in Europe (Fig. 1) , and the vegetation simulated is in good agreement with fossil data: subtropical forest in Western and Central Europe and mixed forest in Eastern Europe (Ivanov et al., 2010; Böhme et al., 2007; Utescher et al., 2007 Utescher et al., , 2011 . Pekar and DeConto (2006) (Figs. 1, 2C, and 3C) , which suggest that a reduced ice sheet, closer to 25% of the present-day East Antarctic Ice Sheet, is in better agreement with European data. Moreover, many authors have suggested that a strong East Antarctic Ice Sheet volume increase occurred just after the middle Miocene climatic optimum, ca. 14 Ma (e.g., Zachos et al., 2001) , which relies on a small East Antarctic Ice Sheet during the middle Miocene climatic optimum. However, further experiments testing varying ice volume over Antarctica are needed to better constrain this boundary condition and understand its infl uence on European climate and vegetation.
In experiment 15Ma560, subtropical plant functional types are simulated in the location of European paleontological sites with fossil hominoids remains (Fig. 1) . However, the dispersion of apes from Africa to Europe was a dynamic process that a snapshot experiment with 15 m.y. boundary conditions cannot capture. The development of subtropical trees in Eastern Europe and Turkey, which is also suggested by macrofl ora and pollen data (Ivanov et al., 2010; Utescher et al., 2007; Akgün et al., 2007) , is not simulated in our study, even in 15Ma560, which is the warmest and most humid experiment (Figs. 1, 2C , and 3C). In this experiment, mean annual temperature does not exhibit signifi cant east-west variation, whereas precipitation decreases and seasonality in temperatures increases from Western to Eastern Europe (Fig. DR2 ). Additional tests with CARAIB indicate that increasing precipitation (20 mm/mo) during the four driest months induces development of subtropical trees in Turkey. Consequently, the absence of subtropical trees near the Paratethys Sea can be linked to an overestimated continental effect. Indeed, hydrological recycling over and adjacent to the Paratethys is not properly considered here due to the coarse atmospheric resolution of the FOAM model.
CONCLUSIONS
We performed sensitivity experiments to test the impact of varying pCO 2 and Antarctic albedo on European vegetation during the middle Miocene climatic optimum. Our results confi rm that a higher than pre-industrial pCO 2 value is needed to simulate subtropical trees in Western Europe. However, we suggest that this condition is not suffi cient to fi t paleoenvironmental and paleontological data. The albedo change over Antarctica, which is directly linked to the ice surface, leads to further warming in Europe, and the expansion of subtropical forest. This result indicates that a reduced East Antarctic Ice Sheet during the middle Miocene climatic optimum is more favorable to the development of subtropical trees in Europe, which is due to oceanic circulation changes that modify North Atlantic heat transport. The feedback of ocean dynamics is also highlighted by the fact that high CO 2 -induced warming of the high latitudes strongly reduces North Atlantic Deep Water formation, eventually leading to colder and slightly more arid conditions in Europe and consequently the reduction of the subtropical forest. This result suggests that a threshold in pCO 2 was controlling warm and humid conditions over Europe during the middle Miocene climatic optimum.
The combination of a reduced East Antarctic Ice Sheet and higher than present pCO 2 , along with the 15 Ma Atlantic bathymetry, allowed the development of subtropical trees in Europe during the middle Miocene climatic optimum. Nevertheless, the factors tested for 15 Ma cannot explain the existence of a dispersion corridor for apes from Africa to Europe during the middle Miocene, as the models simulate too dry and open environments in Eastern Europe. Other parameters may have an impact on subtropical forest expansion in Europe; for instance, we did not consider orbital parameter variations between 17 and 15 Ma. Moreover, the coarse resolution of the model FOAM did not allow a detailed study of the impact of the extent of the Paratethys Sea. The next step will be to improve simulations of the hydrological cycle around the Paratethys Sea to achieve climate conditions appropriate to sustain subtropical forests over both Western and Eastern Europe.
